In the present work, we prepare thermo-and pH-sensitive polymer-based nanoparticles incorporating with magnetic iron oxide as the remote-controlled, stimuli-response nanocarriers. Well-defined, dual functional tri-block copolymer poly[(acrylic acid)-block-(N-isopropylacrylamide)-block-(acrylic acid)], was synthesized via reversible additionfragmentation chain-transfer (RAFT) polymerization with S,S′-bis(α,α′-dimethyl-α″-acetic acid)trithiocarbonate (CMP) as a chain transfer agent (CTA). With the aid of using 3-aminopropyltriethoxysilane, the surface-modified iron oxides, Fe 3 O 4 -NH 2 , was then attached on the surface of self-assembled tri-block copolymer micelles via 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride/N-hydroxysuccinamide (EDC/NHS) crosslinking method in order to furnish not only the magnetic resources for remote control but also the structure maintenance for spherical morphology of our nanocarriers. The nanocarrier was characterized by transmission electron microscope (TEM), Fourier transform infrared spectroscopy (FT-IR), and ultraviolet-visible (UV/Vis) spectral analysis. Rhodamine 6G (R6G), as the modeling drugs, was encapsulated into the magnetic nanocarriers by a simple swelling method for fluorescence-labeling and controlled release monitoring. Biocompatibility of the nanocarriers was studied via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which revealed that neither the pristine nanocarrier nor the R6G-loaded nanocarriers were cytotoxic to the normal fibroblast cells (L-929 cells). The in vitro stimuli-triggered release measurement showed that the intelligent nanocarriers were highly sensitive to the change of pH value and temperature rising by the high-frequency magnetic field (HFMF) treatment, which provided the significant potential to apply this technology to biomedical therapy by stimuli-responsive controlled release.
Background
Over the past decades, polymeric nanoparticles have received great interests in drug delivery systems owing to their drug loading capacity and biocompatibility for targeting therapy [1] . As drug carriers, polymeric nanoparticles were able to load therapeutic agents, usually hydrophobic drugs, in the hydrophobic core region, while the hydrophilic shell region provided good dispersion in water and reduced the toxicity [2] . Polymeric nanoparticles also have shown prolonged-circulation characteristics and greataccumulation properties in tumor tissue because of the inefficient drainage by the lymph system, the so-called enhanced permeation and retention (EPR) effect [3] . Thus, efforts have been devoted to developing the stimuliresponsive polymers to be served as drug delivery vehicles, which could undergo a tremendous and reversible transition of morphology and dominate the precise controlled release, and work as a response to the various environmental stimuli, like temperature [4] , pH [5] , ionic strength [6] , and magnetic field [7] . Thermo-sensitive polymers were widely investigated since the temperature was easy to control and could provide several advantages for in vivo and in vitro treatments. Among these thermal-sensitive polymers, poly(N-isopropylacrylamide) (PNIPAAm) was the best-known one; it preserved the considerable phase transition in aqueous system from hydrophilic to hydrophobic form around 32°C, which is the lower critical solution temperature (LCST) [8] .
Since the LCST was close to the human body temperature, hydrophilic-segments, like acrylic acid (AA), were introduced into PNIPAAm for LCST tuning by copolymerization [9] , surface modification, or physical blending in order to prepare hollow structured nanoparticles via thermo-triggered self-assembling. Actually, the spherical sub-micron particle with empty core region possessed many advantages, for instance, higher drug loading content [10] . In spite of the benefits for drug delivery, the practical controlled release was still hindered with poor in vivo colloidal stability [11] , which often caused low therapeutic efficiency and side effects.
On the other hand, magnetic materials were also widely used as nanocarriers' preparation because of the noncontact force which provided magnetically triggered release and remote treatment for drug delivery in therapy applications [12] [13] [14] [15] [16] [17] . It was proved that the synergycombined hyperthermia and chemotherapy was considerably effective for cancer therapy from the aid of tissue deoxygenating and cell-killing above 42°C [18] . Although magnetic sub-micron particles were the outstanding source as magnetic agent in the application of magnetic resonance imaging (MRI) [18] , bioseparation, specific cell-detection, and so on, the applications of pure iron oxide (Fe 3 O 4 ) were still limited due to its poor water dispersion. Thus, the incorporation or the surface modification of magnetic iron oxide with polymers has been employed to promote the biocompatibility and the drugdelivery capability.
In order to obtain the well-defined molecular-weightdistribution polymers, dual functional tri-block copolymer, P(AA-b-NIPAAm-b-AA), was synthesized by reversible addition-fragmentation chain-transfer (RAFT) polymerization in this research. The temperature-inducing self-assembling characteristic of the tri-block copolymers provide the excellence in drug encapsulation, owing to the interaction between hydrophobic PNIPAAm and hydrophilic poly(acrylic acid) (PAA) segments. Surfacemodified iron oxide (Fe 3 O 4 -NH 2 ) was introduced into the system via N-hydroxysuccinamide (NHS) and 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC) crosslinking method. Fe 3 O 4 -NH 2 provided not only the stability of nanoparticles but also the ability of magnetic controlled release. After the encapsulated model drug, Rhodamine 6G (R6G), it gives the optical functionality via fluorescence labeling; the releasing behavior of R6G-loaded nanocarriers was studied under the condition of various temperatures and pH values. Furthermore, an external high-frequency magnetic field (HFMF) was applied for the remote control release of our intelligent magnetic nanocarriers.
Methods
Materials N-Isopropylacrylamide (NIPAAm) was re-crystallized from n-hexane and acrylic acid (AA) was purified by vacuum distillation in order to remove the inhibitors before being used as the monomers. The RAFT chain-transfer agent, S,S′-bis(α,α′-dimethyl-α″-acetic acid)trithiocarbonate (CMP) was synthesized, following the protocol proposed by Lai and his coworkers [19] . Azobisisobutyronitrile (AIBN) was re-crystallized from methanol and then used as the thermal initiator. Rhodamine 6G (R6G), the model drug was purchased from Sigma-Aldrich. Iron(II) chloride tetrahydrate (FeCl 2 · 4H 2 O) and iron(III) chloride (FeCl 3 ) were used as the precursors of magnetic iron oxide (Fe 3 O 4 ) nanoparticles. Ammonia solution (33%) was used as the reducing agent. 3-Aminopropyl triethoxysilane (APTES), NHS and EDC were introduced for surface modification. Over 99% of HPLC methanol was purchased from SigmaAldrich. Deionized water (18.2 MΩ) was used throughout the work. All chemicals and solvents were purchased from Sigma-Aldrich (Taipei, Taiwan), Acros (Taipei, Taiwan), or Fluka (Taipei, Taiwan) and used as received except otherwise noted.
Synthesis of magnetic iron oxide nanoparticles (Fe 3 O 4 )
Magnetic nanoparticles, Fe 3 O 4 , were prepared by coprecipitation method as reported [20] . In brief, a mixture of FeCl 3 and FeCl 2 · 4H 2 O with 2:1 molar ratio was dissolved in deionized water. After completely dissolving, ammonium hydroxide was added dropwise under mechanical stirring at room temperature for 30 min. Then, the magnetic iron oxides were collected by magnet and washed with water three times.
Surface-modification of magnetic iron oxide with amine groups (Fe 3 O 4 -NH 2 )
The sol-gel method was applied for the surface modification of Fe 3 O 4 with amine groups. In short, Fe 3 O 4 was dispersed with ammonia solution in an ethanol/water (9/1, v/v) solution at pH greater than 11 with sonication for 30 min. APTES was then added into the system and stirred for another 12 h at 25°C. Thereafter, the magnetic iron oxide nanoparticles were collected and re-dispersed in deionized water for further use.
RAFT polymerization of tri-block copolymers P(AA-bNIPAAm-b-AA) AA monomer (3.062 g) was dissolved in 20 ml of methanol containing 0.12 g of chain-transfer agent, CMP, and 0.017 g of initiator, AIBN. After the chemicals were totally dissolved, the reaction was preceded for 3 h at 70°C and purged with nitrogen, so that the conversion of AA monomers could reach 99.29%. NIPAAm monomer (7.21 g) was dissolved in 20 ml methanol then introduced into the system for another 14 h and the tri-block copolymer P(AA-b-NIPAAm-b-AA) solution was obtained. The solution was first dialyzed with methanol so as to remove unreacted monomers, and then vacuum-dried at room temperature. Therefore, the P(AA-b-NIPAAm-b-AA) copolymer, A 100 N 150 , was collected. A x N y represents the mole feeding ratio of x mole of AA and y mole of NIPAAm monomers to chain transfer agent (CTA) molecules.
Preparation of self-assembled magnetic nanocarriers (A100N150/Fe 3 O 4 -NH 2 )
Fe 3 O 4 -NH 2 was covalently bonded with the tri-block copolymer, P(AA-bNIPAAm-bAA) via the 1-[3-(dimethylamino) propyl]-3-ethylcarbodiimide hydrochloride/N-hydroxysuccinamide (EDC/NHS) method as described in the preparation of nanocarriers. A 100 N 150 (0.25 g) was dissolved in 50 ml H 2 O, and the pH value was adjusted to 4.5 with the diluted NaOH solution. After the self-assembling process at 60°C for 2 h, 0.05 g of magnetic iron oxide, Fe 3 O 4 -NH 2 was added into the system and then stirred for another 4 h at 60°C. EDC (0.2 g) and NHS (0.2 g) were then added into the solution for activation and chemical bonding at 60°C for another 24 h. The self-assembled magnetic nanocarriers, A 100 N 150 /Fe 3 O 4 -NH 2 , were centrifuged and washed with water three times and eventually collected as powder after lyophilization for further use.
Preparation of drug-loaded nanocarriers with high-concentration R6G solution
A 100 N 150 /Fe 3 O 4 -NH 2 (0.8 g) was dropped in a 30 ml aqueous solution which contained 300 mg of R6G, and the system was kept shaking for 24 h at room temperature for equilibrium. Swelling and hydrogen bonding led to the drug-loading process of magnetic nanocarriers. After centrifugation, the drug-loaded nanocarriers were collected and preserved at room temperature for further experiments. Meanwhile the encapsulation efficiency (EE) and drug loading content (DLC) were calculated per Equations 1 and 2 EE ¼ weight of encapsulated drug total weight of drug in feed ð1Þ DLC ¼ weight of encapsulated drug weight of nanocarriers ð2Þ
Controlled release behavior
Various release environments were accomplished in the buffer solutions with different pH values and temperatures. R6G-molecule-encapsulated nanocarriers (20 mg), A 100 N 150 /Fe 3 O 4 -NH 2 /R6G, were placed in a dialysis bag (MWCO = 3,500). The dialysis bag was then immersed in 200 ml of buffer solution at specific pH values (3 and 7.4) and temperatures (25°C, 37°C, and 60°C). At the prescribed time interval, 1.5 ml of the buffer solution was withdrawn and replaced with the fresh medium. The concentration of the released R6G was determined by ultraviolet-visible (UV/Vis) analysis with the calibration curve of R6G for various concentrations in aqueous solution. Magnetictriggered release was accomplished by radio heating generated by -HFMF-as shown in Figure 1 , operating at 15 kHz. During the magnetic-field-triggered release, the temperature was recorded to measure the cellkilling effect due to the hyperthermia therapy. Meanwhile, some solution was withdrawn and its concentration of the released drugs was measured by UV/Vis at specific time intervals. The results of the drug-release experiment presented here indicate an average of at least triplicate measurements, and the release percentage was defined as the following equation.
release percentage ¼ weight of drug released in the buffer solution weight of drug encapsulated in nanocarriers ð3Þ
Molecular characterization Gel permeation chromatography (GPC)
The average molecular weight and molecular weight distribution of P(AA-b-NIPAAm-b-AA) via RAFT polymerization Figure 1 Experimental apparatus of magnetic-triggered release under high-frequency magnetic field (HFMF).
were determined by GPC, which was equipped with a solvent delivery system, two columns (Malvern Viscotek T-columns LT5000, Malvern Instruments, Ltd., Taipei, Taiwan) maintained at 40°C, and a differential refractometer (RI). Sodium sulfate aqueous solution (0.025 M) was applied as the eluent at a flow rate of 0.8 mL/min. Poly(methylacrylic acid) standards were used for calibration standard and the molecular weight was reported. A diluted sodium hydroxide solution (0.02 g) was also used to improve the solubility of tri-block copolymer in 4 ml of sodium sulfate aqueous solution.
Nuclear magnetic resonance spectroscopy (NMR)
NMR was applied to determine the ratio of two monomer units (AA and NIPAAm) in P(AA-b-NIPAAm-b-AA). Therefore,
1
H NMR spectra were recorded on a Bruker AV-400 NMR spectrometer (Bruker, Taipei, Taiwan), using D-methanol (D4) or D-chloroform (D1) as solvent.
Fourier transform infrared spectroscopy (FT-IR)
FT-IR absorption spectra were recorded by PerkinElmer Spectrum 100 spectrometer (PerkinElmer, Taipei, Taiwan) at frequencies ranging from 400 to 4,000 cm −1 with 4 cm
resolution. The samples were mixed with KBr and pressed into pellets.
LCST of tri-block copolymer, P(AA-b-NIPAAm-b-AA)
The cloud point or LCST of P(AA-b-NIPAAm-b-AA) was measured by using a UV/Vis spectrophotometer (Thermo Spectronic Gamma Series, Thermo Scientific, Taipei, Taiwan). Latex solutions were prepared by dissolving 120 mg of samples in 4 ml of different pH value solutions. Then, the transmittance of the solution at 480 nm was detected with the heating rate of 5°C/min at different temperatures.
Zeta potential measurement
The surface potential of self-assembled sub-micron particles was measured via zeta potential analyzer (Zetasizer Nano, Malvern Instruments Ltd., Taipei, Taiwan). The zeta potential data reported were the average values of triplicate samples with standard deviation.
Morphology observation
The latex solutions were diluted with deionized water and dripped on a copper grid coated with a collodion. It was dried in air or in an oven with specific temperatures and observed by using JEOL JSM-1230 transmission electron microscope (TEM) (Jeol, Taipei, Taiwan). For toxicity studies, L-929 cells were incubated with those two mediums for 3 days. Then the control groups, pure DMEM (negative control) or 5% dimethyl sulfoxide (DMSO) in DMEM (positive control) were studied. After culturing, the resulting blue-purple crystals were dissolved in pure DMSO for 15 min, so that the cell number could be calculated by enzyme-linked immunosorbent assay (ELISA) (Sunrise, Tecan Group Ltd., Zürich, Switzerland).
Cell lines and cytotoxicity assay

Results and discussion
Synthesis and molecular characterization of P(AA-b-NIPAAmb-AA)
In this study, RAFT polymerization was introduced to synthesize the dual functional tri-block copolymers, PNIPAAm with AA segments on both polymer-chain ends, denoted as P(AA-b-NIPAAm-AA). The molecular weight of tri-block copolymer was calculated by Equation 4 as below:
where Mn refers to the number average molecular weight of copolymer, and Mn PAA,GPC stands for the number average molecular weight of PAA estimated via GPC. Mn PNIPAAm,NMR represents the number average molecular weight of PNIPAAm chains via NMR analysis. The molecular weight, Mn exp , calculated by Equation 4 seems not equal to the experimental molecular weight estimated by GPC, Mn GPC , as shown in Table 1 . Since the standard of GPC was poly(methylacrylic acid) (PMAA), the structural differences between PMAA and tri-block copolymers led to the deviation. Since S,S′-bis(α,α′-dimethyl-α″-acetic acid)trithiocarbonate was employed as CTA for living polymerization, narrow molecular weight distribution (Mw/Mn = 1.27) was obtained, and the repeating unit ratio to feeding ratio ([AA] /[NIPAAm] = 1/1.45) estimated by NMR analysis was close to the feeding ratio as shown in Table 1 .
The synthesized RAFT-polymerized PNIPAAm bearing carboxylic acid functional groups on both sides of the polymer chain was denoted as P(AA-b-NIPAAm-b-AA). P(AA-b-NIPAAm-b-AA) was dissolved in various pH value solutions with diluted NaOH solution for adjustment. The LCST was determined by measuring the transmittance of the latex solution at 480 nm and different temperatures. As shown in Figure 2 , the LCST of P(AA-bNIPAAm-b-AA) was increasing as the pH value increased.
Since the tri-block copolymer would become much more hydrophilic owing to the deprotonation of carboxylic acid groups at high pH values, the LCST increases from 27°C to 40.7°C as pH increases from 4.15 to 4.5.
FT-IR analysis
Surface functional groups of our tri-block copolymer and nanoparticles were analyzed via FT-IR as shown in 
Surface potential
The surface potential of sub-micron particles was determined as 0.002 via zeta potential analyzer which indicated that the tri-block copolymer, A 100 N 150 , was closed to the isoelectric point at pH = 4.5 and 60°C. Owing to the hydrophilic property of PAA segments, which provided the stability to the extreme hydrophobic PNIPAAm segments, the uncharged sub-micron particles could disperse well in an aqueous solution.
Morphology observation
Acrylic acid was copolymerized with NIPAAm to introduce the hydrophilic segments in copolymers. According to Figure 2 , the hydrophility of the tri-block copolymer could be adjusted via changing of the pH value and the temperature of the system. While the system temperature was above the LCST, self-assembling phenomenon was triggered by the phase transition of PNIPAAm segments. Thus, the 400 to 600 nm, core-shell, self-assembled submicron particles composed of hydrophobic PNIPAAm core and hydrophilic PAA shell could be observed at pH = 4.5 and 60°C as shown in Figure 4a . The surfacemodified iron oxides with 15 nm (Figure 4b ) were introduced into the self-assembling sub-micron particle system in order to not only fix the spherical nanostructure at various temperatures but also render the stimuli-response resource for magnetic-triggered release. Figure 4c suggested that there were micro phase 
Preparation of R6G-loaded magnetic nanocarriers via swelling method
In our previous study [21] , R6G molecules had shown strong interaction with the tri-block copolymer, P(AA-bNIPAAm-b-AA), thus the characteristic would be utilized for drug encapsulation. It is obvious that R6G not only could diffuse into the magnetic nanocarriers but also participate on the surface during the loading process as shown in Figure 5 . The swelling ratio of magnetic nanocarriers was 150%, lower than that of pure PNIPAAm (500% to 600%), after loading and centrifugation process. The R6G-loaded nanocarriers were then lyophilized for the further experiments. Meanwhile, the encapsulation efficiency (EE) and drug loading content (DLC) were determined by UV/Vis as 99.01% and 371.3 mg/g, respectively. Figure 6 shows the optical images of diluted nanocarrier solutions taken from the fluorescent microscopy. Because of the limitation of observation scale, it was difficult to identify whether the R6G was encapsulated into the nanocarriers or deposited on the surface. However, comparing Figure 6a ,b, R6G-loaded nanocarriers indeed exhibit the fluoresce capability, and only the bright dots could be detected without aggregation of the brightness. This implied the complete encapsulation of R6G molecules in the nanocarriers.
Cell line and cytotoxicity analysis
MTT assay was applied to determine the cellular cytotoxicity of our nanocarriers. Figure 7 shows the cell proliferation results of control and sample groups incubated with the L-929 cells. Pure DMEM and 5% DMSO in DMEM were used as the material of negative and positive control groups, respectively, and magnetic nanocarriers and R6G-loaded nanocarriers were served as those of the sample groups. It could be found that L-929 cells in both of the sample groups remained growing during the days of incubation, and it confirmed that our nanocarriers have no cytotoxicity. As a matter of fact, the magnetic nanocarriers have potentials for biomedical applications.
Controlled release with various pH values and temperatures
The stimuli-triggered release behaviors of the R6G-loaded nanocarriers were studied via immersing the lyophilized nanocarrier powders in various buffer solutions at different temperatures. Figure 8 exhibits the influence of temperature for the controlled release system at pH = 7.4. It was found that the release behavior could be distinguished in two periods, the initial period (0 to 2 h) and the final one (2 to 120 h). Temperature has dominated the system in the beginning of the controlled release, which showed that the amount of release was proportional to the temperature. As aforementioned, R6G was loaded both in the core of magnetic nanocarrier and on the surface of it. At first, the R6G bonded on the surface dissolved and diffused into the buffer solution, so that the release amount was increasing as the temperature rose due to the higher diffusion rate. As time passed, R6G encapsulated in the core of the nanocarriers gradually diffused out and the diffusion rate inside the nanocarriers has dominated the release process. High temperature suggested a serious shrinkage of PNIPAAm as a physical barrier of diffusion. As a result, the final release percentage decreased as the temperature increased. Figure 9 illustrated the comparison of release percentages at pH = 3 and 7.4 with various temperatures.
Actually, the nanocarrier extremely aggregated at pH = 3 during the controlled release owing to the strong intermolecular hydrogen bonding composed of the protonated carboxylic acid groups and the amide groups in PNIPAAm. It is obvious that the pH value strongly influenced the release behavior at various temperatures. Because of the deprotonation of the carboxylic acid groups on the surface of nanocarriers at pH = 7.4, the carriers then became more hydrophilic than at pH = 3 so that the diffusion rate of R6G and the final release percentage were both increased.
Magnetic-triggered release
The smart controlled release of magnetic nanocarriers was employed via HFMF. Since the surface-modified iron oxide, Fe 3 O 4 -NH 2 , was introduced in order to maintain the spherical structure of PNIPAAm-based sub-micron particles, the remote control of magnetic nanocarriers for particle movement, controlled release and thermal treatment became possible owing to the hyperthermia effect. According to Figure 10 , the release percentage of the magnetic-triggered one was three times higher than that of the temperature-triggered one for only 20 min. Meanwhile, the bulk solution temperature of HFMF-applied controlled release could be increased to 50°C due to the hyperthermia effect. It is expected that the local temperature of magnetic nanocarriers should be higher than 50°C so that the rapid-response release could be obtained.
Conclusions
Polymer-framed, stimuli-response sub-micron particles were designed and prepared with magnetic iron oxides as intelligent multifunctional nanocarriers. RAFT polymerization Figure 10 The comparison of stimuli-trigged released behaviors with and without HFMF applied.
